General methods
All chemicals were obtained from commercial suppliers and used without further purification unless otherwise noted. Anhydrous solvents were used to carry out organic reactions under inert argon or nitrogen environment. 1 H NMR (600 MHz) and 13 C NMR (151 MHz) spectra were recorded on a
Varian Inova-600 spectrometer and 19 F NMR (282 MHz) spectra were recorded on a Mercury-300 spectrometer. High resolution electrospray ionization (ESI) mass spectra were obtained at the Mass Spectrometry Facility in the University of California, Davis. Silica gel 60 Å (200-425 mesh, Fisher Chemical) was used for flash column chromatography. Thin-layer chromatography (TLC) was performed on silica gel plates 60 GF 254 (Sorbent technologies) using anisaldehyde sugar stain or 5% sulfuric acid in ethanol stain for detection. Gel filtration chromatography was performed using a column (100 cm × 2.5 cm) packed with Bio-gel P-2 Fine resins (Bio-Rad, Hercules, CA). To a solution of 20 (1.48 g, 3.11 mmol) in anhydrous CH 2 Cl 2 (15 mL) in a Teflon flask, (diethylamino)sulfur trifluoride (DAST) (2.05 mL, 15.55 mmol) was slowly added at -40 C. The reaction was stirred for 3 days at room temperature. After cooled to -20 C, MeOH (5 mL) was added and the solvent was removed under reduced pressure. The residue was diluted with CH 2 Cl 2 , washed with water for 3 times, dried over MgSO 4 , and concentrated. The crude product was purified using flash column chromatography (Hexanes:EtOAc = 10:1) to yield 21 (0.77 g, 52%). 1 H NMR (600 MHz, Compound 21 (0.78 g, 1.63 mmol) was dissolved in pyridine (5 mL) and thioacetic acid (10 mL) and stirred for overnight at room temperature. The solvent was removed under diminished pressure and the crude product was purified using silica gel column chromatography (Hexanes:EtOAc = 8:2) to afford compound 22 (0.68 g, 84%). 1 Compound 22 (0.68 g, 1.38 mmol) was dissolved in AcOH (5 mL) and MeOH (25 mL), and Pd(OH) 2 /C (80 mg) was added. The resulted mixture was hydrogenated for 2 days with vigorous shaking under H 2 atmosphere (80 mbar), and then the catalyst was removed by filtration over Celite and washed with MeOH. The concentrated product was purified by flash column chromatography S4 (EtOAc:MeOH:H 2 O = 10:1:0.1) to afford 2a (0.26 g, 85%). 1 Compound 23 (1.26 g, 2.57 mmol) was then dissolved in pyridine (5 mL) and thioacetic acid (10 mL) and stirred for overnight at room temperature. The solvent was removed under diminished pressure and the crude product was purified using silica gel column (Hexanes:EtOAc = 7:3) to afford compound 24 (1.09 g, 84%), which was dissolved in AcOH (5 mL) and MeOH (25 mL), and Pd(OH) 2 /C (80 mg) was added. The resulted mixture was hydrogenated for 2 days with vigorous shaking under H 2 atmosphere (80 mbar), the catalyst was removed by filtration over Celite and washed with MeOH. The concentrated product was purified by silica gel column chromatography (EtOAc:MeOH:H 2 O = 10:1:0.2) to afford 3a (0.42 g, 83% .06 mmol) was slowly added and the mixture was refluxed for 50 min at 50 C. The resulting mixture was cooled in an ice bath, diluted with toluene (35 mL) and followed by gradual addition of EtOAc (2 mL). After removing the solvents under reduced pressure, column chromatography on silica gel (Hexanes:EtOAc = 3:7) afforded 26 (0.57 g, 96%). 1 Compound 26 (0.57 g, 1.31 mmol) was dissolved in pyridine (4 mL) and thioacetic acid (8 mL) and stirred for overnight at room temperature. The solvent was removed under diminished pressure and the crude product was purified using silica gel column (Hexanes:EtOAc = 7:3) to afford compound 27 (0.52 g, 84% Compound 29 (0.37 g, 0.62 mmol) was dissolved in anhydrous CH 2 Cl 2 (7 mL) containing 4 Å molecular sieves (1.5 g). After the mixture was stirred for 1 h at room temperature, it was cooled to -78 C and Et 3 SiH (0.30 mL, 1.85 mmol) and PhBCl 2 (0.27 mL, 2.10 mmol) were added successively to the stirred solution. After being stirred at -78 C for 1.5 h, Et 3 N (1 mL) and MeOH (1 mL) were added successively and the mixture was filtered over Celite and concentrated. The residue was diluted with CH 2 Cl 2 , washed with an aqueous solution of NaHCO 3 , dried over MgSO 4 , and concentrated. The crude product was purified by silica gel flash column chromatography (Hexanes:EtOAc = 1:1) to give 30 S7 (0.31 g, 85% To a solution of 30 (0.31 g, 0.52 mmol) and Et 3 N (0.14 mL, 1.04 mmol) in anhydrous CH 2 Cl 2 (12 mL) in a Teflon flask, DAST (0.27 mL, 2.08 mmol) was slowly added at -40 C. The reaction was stirred for 3 days at room temperature. After cooled to -20 C, MeOH (1 mL) was added and the solvent was removed under reduced pressure. The residue was diluted with CH 2 Cl 2 , washed with water for 3 times, dried over MgSO 4 , and concentrated. The crude product was purified using silica gel flash column chromatography (Hexanes:EtOAc = 7:3) to yield 31 (0.14 g, 45% Compound 31 (0.14 g, 0.23 mmol) was dissolved in AcOH (4 mL) and MeOH (20 mL), and Pd(OH) 2 /C (25 mg) was added. The resulted mixture was hydrogenated for 2 days with vigorous shaking under H 2 atmosphere (80 mbar), and then the catalyst was removed by filtration over Celite and washed with MeOH. The concentrated product was purified by silica gel column chromatography (EtOAc:MeOH:H 2 O = 10:1:0.1) to afford 7a (47 mg, 85%). 1 
2-Deoxy-2-glycolamido-6-O-methyl-D-mannopyranoside (6-O-Me-ManNGc, 8a)
Triphenylphosphine (0.42 g, 1.59 mmol) and water (0.25 mL, 0.01 mmol) were added to a stirred solution of 23 (0.26 g, 0.53 mmol) in THF (10 mL) and the mixture was heated at 45 C for 3 h. The solvent was removed and the crude product was dried under vacuum. The dried compound was dissolved in CH 2 Cl 2 (10 mL) and Et 3 N (0.15 mL, 1.06 mmol) was added dropwise at 0 C. Then, acetoxyacetyl chloride (0.07 mL, 0.64 mmol) was added to the reaction mixture and stirred at 0 C for 2 h and then room temperature for 2 h. The residue was concentrated and purified by flash silica gel column chromatography (Hexanes:EtOAc = 1:1) to give 32 (0.28 g, 96% 
6-Azido-2,6-dideoxy-2-glycolamido-D-mannopyranoside (6-N 3 -ManNGc, 10a)
ManNAc 1a (1.0 g, 4.52 mmol) was dissolved in an aqueous solution of HCl (2 M, 40 mL) and stirred at 60 C for overnight. The solvent was removed and the residue was dried under vacuum. The resulting compound was dissolved in a mixture of CH 3 CN (70 mL) and water (70 mL) and followed by addition of NaHCO 3 (3.80 g, 45.20 mmol) at 0 C. Acetoxyacetyl chloride (0.97 mL, 9.04 mmol) was added to the reaction mixture and stirred at 0 C for 2 h and then room temperature for 2 h. MeOH was added to the mixture and the solvents were removed. A stirred solution of 34 (1.20 g, 4.30 mmol) in anhydrous pyridine (8 mL) was treated with a solution of p-toluenesulfonyl chloride (0.90 g, 4.73 mmol) in pyridine (3 mL) at 0 C and the mixture was stirred for 3 h. The reaction mixture was stopped by adding MeOH (2 mL) and concentrated. Purification of the residue by column chromatography (EtOAc:MeOH = 9:1) afforded 35 (1.21 g, 65%). A mixture containing compound 35 (1.21 g, 2.79 mmol), NaN 3 (1.09 g, 16.70 mmol), and tetran-butylammonium iodide (0.20 g, 0.55 mmol) in anhydrous DMF (15 mL) was stirred at 60 C for overnight. The mixture was concentrated and purified by silica gel flash column chromatography (EtOAc:MeOH = 9.5:0.5) to afford product 36 (0.63 g, 75%). 
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6-O-Methyl-D-mannopyranoside (6-O-Me-Man, 13a)
6-Deoxy-D-mannopyranoside (6-Deoxy-Man, 14a)
To a solution of 41 5 (1.44 g, 6.15 mmol) in CH 2 Cl 2 (15 mL) was added Et 3 N (1.04 mL, 7.40 mmol) and p-toluenesulfonyl chloride (1.46 g, 7.40 mmol). The reaction was stirred at room temperature for overnight. The mixture was concentrated under reduced pressure and the crude product was purified using silica gel flash column chromatography (Hexanes:EtOAc = 10:1) to give 42 (2.10 g, 88% 
Enzymatic synthesis of sialosides 1b-15b and 1c-15c
General procedure for one-pot three-enzyme preparative synthesis of 2-3-(1b-15b) and 2-6-linked (1c-15c) sialosides using GalpNP as the sialyltransferase acceptor. GalpNP (1.0 eq, 10 mM, 0.1 mmol), a sialic acid precursor (1.2-1.5 eq, 12 mM, 0.12 mmol), sodium pyruvate (6.0 eq, 60 mM, 0.6 mmol), and CTP (2.0 eq, 20 mM, 0.2 mmol) were dissolved in water in a 50 mL centrifuge tube containing Tris-HCl buffer (100 mM, pH 8.5) and MgCl 2 (20 mM). After addition of appropriate amount of an Pm aldolase, an N. meningitides CMP-sialic acid synthetase, and a sialyltransferase (PmST1 or Pd2,6ST), water was added to bring the volume of the reaction mixture to 10 mL. The reaction was incubated in an isotherm incubator with agitating in 120 rpm for 1-16 h at 37 C or for 12-48 h at room temperature. The product formation was monitored by TLC using EtOAc:MeOH:H 2 O:AcOH = 7:2:0.5:0.1 (by volume) as the developing solvent and stained with panisaldehyde sugar stain solution. The reaction was terminated by adding the same volume of ice-cold EtOH and incubating at 4 C for 30 min. The mixture was centrifuged to remove precipitates. The supernatant was concentrated and passed through a Bio-gel P-2 gel filtration column with water to obtain the desired product. Silica gel column purification (EtOAc:MeOH:H 2 O = 7:2:0.5) was used for further purification. Neu5Ac9F2-3GalpNP, 2b) Neu5Ac9OMe2-3GalpNP, 3b) .
4-Nitrophenyl O-(5-acetamido-9-fluoro-3,5,9-trideoxy-D-glycero--D-galacto-2-nonulopyranosylonic acid)-(2→3)-O--D-galactopyranoside (
4-Nitrophenyl O-(5-acetamido-3,5-dideoxy-9-O-methyl-D-glycero--D-galacto-2-nonulopyranosylonic acid)-(2→3)-O--D-galactopyranoside (
Yield, 94%; white solid. 1 Neu5Ac9N 3 2-3GalpNP, 5b) .
4-Nitrophenyl
4-Nitrophenyl O-(5-acetamido-9-azido-3,5,9-trideoxy-D-glycero--D-galacto-2-nonulopyranosylonic acid)-(2→3)-O--D-galactopyranoside (
Yield, 87%; white solid. Neu5Gc9F2-3GalpNP, 7b) . Neu5Gc9OMe2-3GalpNP, 8b) .
4-Nitrophenyl O-(9-fluoro-5-glycolylamido-3,5,9-trideoxy-D-glycero--D-galacto-2-nonulopyranosylonic acid)-(2→3)-O--D-galactopyranoside (
4-Nitrophenyl O-(5-glycolylamido-3,5-dideoxy-9-O-methyl-D-glycero--D-galacto-2-nonulopyranosylonic acid)-(2→3)-O--D-galactopyranoside (
Yield, 40%; white solid. 1 Neu5Gc9N 3 2-3GalpNP, 10b) Kdn9OMe2-3GalpNP, 13b) . Yield, 78%; white solid. Kdn9N 3 2-3GalpNP, 15b) Neu5Ac9F2-6GalpNP, 2c) Neu5Ac9OMe2-6GalpNP, 3c) , 1H), 3.72-3.68 (m, 1H), 3.66-3.59 (m, 3H), 3.27 (dd, J = 9.0, 1.8 Neu5Ac9N 3 2-6GalpNP, 5c) Neu5Gc9N 3 2-6GalpNP, 10c) Kdn9OMe2-6GalpNP, 13c) . Yield, 62%; white solid. Kdn9N 3 2-6GalpNP, 15c) . Yield, 59%; white solid. 
4-Nitrophenyl
4-Nitrophenyl O-(9-azido-5-glycolylamido-3,5,9-trideoxy-D-glycero--D-galacto-2-nonulopyranosylonic acid)-(2→3)-O--D-galactopyranoside (
4-Nitrophenyl
4-Nitrophenyl O-(9-O-methyl-3-deoxy-D-glycero--D-galacto-2-nonulopyranosylonic acid)-(2→3)-O--D-galactopyranoside (
4-Nitrophenyl O-(3,9-dideoxy-D-glycero--D-galacto-2-nonulopyranosylonic acid)-(2→3)-O--Dgalactopyranoside (Kdn9Deoxy2-3GalpNP, 14b
4-Nitrophenyl O-(9-azido-3,9-dideoxy-D-glycero--D-galacto-2-nonulopyranosylonic acid)-(2→3)-O--D-galactopyranoside (
4-Nitrophenyl O-(5-acetamido-9-fluoro-3,5,9-trideoxy-D-glycero--D-galacto-2-nonulopyranosylonic acid)-(2→6)-O--D-galactopyranoside (
4-Nitrophenyl O-(5-acetamido-3,5-dideoxy-9-O-methyl-D-glycero--D-galacto-2-nonulopyranosylonic acid)-(2→6)-O--D-galactopyranoside (
4-Nitrophenyl
4-Nitrophenyl O-(9-azido-5-glycolylamido-3,5,9-trideoxy-D-glycero--D-galacto-2-nonulopyranosylonic acid)-(2→6)-O--D-galactopyranoside (
4-Nitrophenyl
4-Nitrophenyl O-(9-O-methyl-3-deoxy-D-glycero--D-galacto-2-nonulopyranosylonic acid)-(2→6)-O--D-galactopyranoside (
4-Nitrophenyl O-(3,9-dideoxy-D-glycero--D-galacto-2-nonulopyranosylonic acid)-(2→6)-O--Dgalactopyranoside (Kdn9Deoxy2-6GalpNP, 14c
4-Nitrophenyl O-(9-azido-3,9-dideoxy-D-glycero--D-galacto-2-nonulopyranosylonic acid)-(2→6)-O--D-galactopyranoside (
